Abstract. Agricultural activities increase exports of nutrients and sediments to lakes, with multiple potential impacts on recipient ecosystems. Nutrient inputs enhance phytoplankton and upper trophic levels, and sediment inputs can shade phytoplankton, interfere with feeding of consumers, and degrade benthic habitats. Allochthonous sediments are also a potential food source for detritivores, as is sedimenting autochthonous phytodetritus, the production of which is stimulated by nutrient inputs. We examined effects of allochthonous nutrient and sediment subsidies on fish and plankton, with special emphasis on gizzard shad (Dorosoma cepedianum). This widespread and abundant omnivorous fish has many impacts on reservoir ecosystems, including negative effects on water quality via nutrient cycling and on fisheries via competition with sportfish. Gizzard shad are most abundant in agriculturally impacted, eutrophic systems; thus, agricultural subsidies may affect reservoir food webs directly and by enhancing gizzard shad biomass. We simulated agricultural subsidies of nutrients and sediment detritus by manipulating dissolved nutrients and allochthonous detritus in a 2 3 2 factorial design in experimental ponds.
INTRODUCTION
Many ecosystems receive large, anthropogenic subsidies of materials from outside their boundaries. Midwestern reservoirs often receive enhanced nutrient and sediment subsidies from agricultural watersheds that lead to eutrophication and other water quality problems. Eutrophication in these systems is exacerbated by nutrient cycling by gizzard shad (Dorosoma cepedianum), an abundant detritivorous fish that translocates nutrients from sediments to the water column, thereby promoting phytoplankton growth. Gizzard shad dominate highly subsidized productive reservoirs in agricultural watersheds, but are relatively scarce in less subsidized unproductive reservoirs. However, little is known about the separate and combined effects of nutrient and sediment subsidies on fish (including gizzard shad) and water quality in reservoir ecosystems. We describe an experimental pond study in which we simulated agricultural nutrient and sediment subsidies to reservoir ecosystems and quantified the response of detritivorous and zooplanktivorous fish and water quality variables to these subsidies.
Ecologists strive to understand how ecosystems are regulated by subsidies of resources such as detritus and nutrients (Yang et al. 2008) . Several studies have experimentally examined effects of either detritus (e.g., Polis and Hurd 1996 , Wallace et al. 1997 , 1999 , Chen and Wise 1999 , Hall et al. 2000 or nutrient subsidies (Smith et al. 1999 , Cross et al. 2006 ), but few have examined how detritus and nutrient subsidies together regulate ecosystems (Stelzer et al. 2003 , Cross et al. 2007 ). For many years it was believed that lake consumers are supported primarily by autochthonous primary production, which is often stimulated by nutrient inputs. However, recent studies demonstrate reliance on terrestrially derived (allochthonous) carbon subsidies (Carpenter et al. 2005 , Cole et al. 2006 . Allochthonous organic matter can be important in supporting bacteria (Cole et al. 2002 , zooplankton (Grey et al. 2001 , Cole et al. 2002 , and benthic invertebrates (Solomon et al. 2008 ), but less is known about fish (Pace et al. 2007 ). Carpenter et al. (2005) found that terrestrial sources can account for up to 80% of the carbon flow to fish in small lakes in forested watersheds, and that this percentage is lower under nutrient-enriched conditions conducive to high autochthonous (algal) production.
Agricultural activities increase the export of nutrients and sediments to lakes, often leading to eutrophication (Fig. 1 ). Agricultural runoff occurs over extensive, diffuse areas and is therefore difficult to regulate (Carpenter et al. 1998 ). The addition of nutrients to lakes results in increased phytoplankton production, some of which is consumed by zooplankton; therefore, zooplanktivorous fish production might also be enhanced through this bottom-up process. Primary production not consumed by zooplankton eventually settles to the lake bottom as phytodetritus, and accumulation of phytodetritus may enhance the production of detritivorous fish (Fig. 1) . Nutrients also accumulate in lake sediments, and high rates of nutrient flux from sediments to the water column can make it difficult to reverse eutrophication (Carpenter 2005) .
Agricultural activities also enhance the export of particulate matter to lakes (Fig. 1) . Indeed, high inputs of suspended allochthonous sediments into aquatic systems are characteristic of many agricultural landscapes (Lenat 1984 , Waters 1995 , Johnson et al. 1997 . These sediments are composed of both organic matter (detritus containing C fixed in terrestrial ecosystems) and inorganic materials. Inorganic particles such as clay and silt can impair water quality by covering food sources, degrading habitat and nesting sites, and accelerating the rate at which a lake fills with sediment (Waters 1995 , Uri 2001 , Allan 2004 . Allochthonous organic detritus may enhance nutrient supply (via mineralization of this detritus) and/or provide food for some bottom-feeding detritivores.
In midwestern U.S. reservoirs, where agricultural activities have great impacts, fish biomass is often dominated by gizzard shad, Dorosoma cepedianum, an omnivore that has many impacts on reservoir food webs and ecosystems ). This clupeid is zooplanktivorous during larval stages but in reservoirs relies almost entirely on sediment detritus in non-larval stages (Higgins et al. 2006 ; Fig. 1 ). Thus, agricultural subsidy effects may vary with subsidy type and lifehistory stage. Larval gizzard shad may benefit from high inputs of dissolved nutrients because of increased zooplankton production (Bremigan and Stein 2001) . In contrast, sediment subsidies may have negative effects on planktivores because suspended sediments may impair visual feeding (Vinyard and O'Brien 1976, McCabe and O'Brien 1983) .
Detritivorous fish may benefit from both nutrient and sediment subsidies from agriculture. Gizzard shad biomass, and its contribution to total fish biomass, increases greatly with lake productivity (Bachmann et al. 1996 , DiCenzo et al. 1996 , Michaletz 1997 , and lakes FIG. 1. Simplified conceptual model of how agricultural activities may influence a productive reservoir. Solid lines indicate fluxes of resources, and the dotted line represents excretion by gizzard shad. Nutrients from agricultural activities in the watershed increase algal production in the lake, and thus zooplankton and planktivorous fish (larval gizzard shad and bluegill) production. The proportion of algae that is not consumed by zooplankton is sedimented to the bottom of the lake (autochthonous detritus). Also, erosion from the watershed increases inputs of allochthonous detritus. Both detritus types form lake sediments, the main food source of adult (and juvenile) gizzard shad (GS). Adults translocate nutrients from sediments to the water column via consumption and excretion of sediment nutrients and have the potential to regulate algal nutrient limitation. Abbreviations are: YOY, young-ofyear; POM, particulate organic matter.
with watersheds that are dominated by agriculture often have the highest gizzard shad biomass . Juvenile and adult gizzard shad stimulate phytoplankton by translocating nutrients from sediments to the water column through consumption and excretion (Fig. 1) ; both the flux of nutrients through gizzard shad populations and its relative importance in sustaining phytoplankton production increase with lake productivity, i.e., with increasing watershed agriculture ). In addition, effects of gizzard shad on zooplankton and fish are often stronger in productive reservoirs (reviewed in Stein et al. 1995 and Vanni et al. 2005) .
Because the abundance and effects of gizzard shad vary greatly with productivity, it is important to understand how sediment and/or nutrient subsidies affect gizzard shad abundance. Specifically, it is not clear if gizzard shad biomass is high in agriculturally impacted lakes because of increased allocthonous subsidies of dissolved nutrients, sediment detritus, or both. These subsidies can also have direct and indirect effects on many other aspects of shallow-reservoir systems, which may involve feedbacks through gizzard shad. For example, agricultural subsidies may stimulate primary production and gizzard shad biomass, and enhanced gizzard shad biomass may further stimulate primary production . In this research we aimed to experimentally elucidate how subsidies of sediments and nutrients affect shallow-reservoir systems, with emphasis on gizzard shad populations and the feedbacks between gizzard shad and phytoplankton. This experiment, conducted in experimental ponds, was designed to mimic conditions in midwestern U.S. reservoirs; the rates of nutrient and sediments inputs reflect those to Acton Lake (Vanni et al. 2001 ), a hypereutrophic reservoir with an agricultural watershed (Knoll et al. 2003) . We analyzed fish growth and survival as measures of their response to different subsidies, and gizzard shad excretion rates as measure of their potential ecosystem impacts. We tested three hypotheses: 1) Detritivorous fish (i.e., juvenile and adult gizzard shad) biomass will be maximal with elevated inputs of both allochthonous sediments (which provide a direct food resource) and dissolved nutrients (which provide food via increased phytodetritus deposition) because under these conditions there is more detritus to consume.
2) The success of zooplanktivorous fish (i.e., age-0 gizzard shad and bluegill) will be maximal under conditions of elevated nutrients because of high zooplankton production via increased phytoplankton production.
3) Gizzard shad feeding on high-quality phytodetritus will have the greatest potential ecosystem impact (per fish) through nutrient recycling. The rationale is that with nutrient enrichment, detritus will have high amounts of N and P per unit sediment because it will be largely phytodetritus. Thus, shad will excrete more N and P than when feeding on allochthonous detritus, which should have less N and P per unit sediment.
METHODS

Experimental design
We used a 2 3 2 factorial design with blocks in which we increased the availability of allochthonous and/or autochthonous detritus (see Plate 1). The treatments, each with three replicates, were (1) no nutrient or sediment addition (control), (2) nutrient addition (þN), (3) sediment addition (þS), and (4) addition of nutrients and sediment combined (þNþS).
All treatments designed to stimulate autochthonous detritus production (þN and þNþS) received weekly additions of ammonium nitrate (NH 4 NO 3 ) and sodium phosphate (NaPO 4 H 2 O) at loading rates of 150 lg N/L pond water and 15 lg P/L pond water per week. These loading rates are typical inputs to Acton Lake, a hypereutrophic reservoir (Vanni et al. 2001 ). All treatments with allochthonous detritus (þS and þNþS) first received a layer of Acton Lake sediments (see Methods: Experimental ponds and setup), and then received weekly additions of Acton Lake sediments (0.06 m 3 ; ;70 kg) as a slurry that was sprayed with a pump. This weekly input rate mimicked the long-term sedimentation rate in Acton Lake (1.7 cm/year; Renwick et al. 2005 ) and represented twice the estimated consumption rate of the shad population in each pond at 258C (Vanni and Headworth 2004) . In terms of stoichiometric ratios, this slurry (C:P ¼ 102.2, C:N ¼ 9.9, N:P ¼ 10.2) was similar in composition to particulate allochthonous detritus entering this lake from its watershed (C:P ¼ 121.3, C:N ¼ 13.3, N:P ¼ 9.1 over an 8-year period; for data from 1994 to 1998 see Vanni et al. 2001 ; for data from 1999 to 2001 see M. J. Vanni, A. M. Bowling, and A. D. Christian, unpublished data) . It is important to note here that the slurry added to the ponds was composed of both allochthonous organic detritus and inorganic sediments (e.g., clays), and it is likely that a significant fraction of the P associated with ''sediments'' was adsorbed to inorganic particles (Nowlin et al. 2005) .
Experimental ponds and setup
The experiment was conducted in the experimental pond facility at the Ecology Research Center, Miami University in Oxford, Ohio, USA. The facility consists of six rectangular ponds ;45 3 15 m, and 2.5 m maximum depth, grouped in three pairs along an elevation gradient (each pair represents a block; see Plate 1). The ponds are lined with heavy-duty plastic (XR-5 polyester geomembrane; Seaman Corporation, Wooster, Ohio, USA) and thus have no sediments in them. Ponds were divided in half with vinyl curtains, which present effective barriers to water movements between halves as revealed by the use of a rhodamine tracer (M. J. Vanni, unpublished data). For simplicity, we refer to these ''half ponds'' as ''ponds'' in this paper. All four treatments were represented and randomized within each block, except that the sediment treatments (þS and þNþS) were always on the southern half of the ponds. This is because the inlet pipe from which water enters the pond is on the northern half, and we were concerned that when filling up the ponds the inflow of water would resuspend and carry sediments to ponds that were supposed to be sediment free.
Before starting the experiment, we added ;5500 kg (wet mass) of sediments from Acton Lake to ponds in the þS and þNþS treatments so that some sediments were present when fish were added. The sediments were spread to form a ;2-3 cm layer in the bottom of the ponds; because ponds were always well oxygenated, sediments were always available to gizzard shad. This amount of sediment represents eighty times the annual consumption of gizzard shad at 258C (Vanni and Headworth 2004) . Sediments were collected from shallow areas of Acton Lake, where the lake's largest inlet (Four Mile Creek) empties into the lake. This shallow area is subject to high sediment deposition from the watershed , which is mainly dominated by agricultural activities (Vanni et al. 2001 , Knoll et al. 2003 . Thus, most of the sediments in this area are likely allochthonous and derived from agriculture.
Ponds were filled by gravity on 29 May 2004 with water from an oligotrophic supply pond (6.8 lg chlorophyll/L) and then inoculated with 400 L of Acton Lake water to provide an inoculum of species typical of productive environments. On 10 June, all ponds were stocked with gizzard shad at a biomass of ;175 kg wet mass/ha. Gizzard shad biomass in Acton Lake is usually higher than this on an areal basis (mean late summer biomass ¼ 290 kg /ha, 1999 M. J. Vanni, unpublished data) . However, the experimental ponds are shallower than Acton Lake (mean depth 2 vs. 3.5 m), so the biomass in the ponds was similar to that in Acton Lake on a volumetric basis. We added gizzard shad of two size classes: 40 individuals between 120 and 140 mm (135 6 4.7 mm total length [TL]; mean 6 SE; referred to as ''juveniles'') and 60 individuals between 180 and 200 mm (193 6 4.8 mm TL; referred to as ''adults''). Of those, 10 fish of each size class were marked by clipping the last dorsal fin ray to obtain an estimate of growth. Based on Mundahl and Wissing (1988) and Schaus et al. (2002) , the small size class corresponded to age 1, and the large size class to age 2þ. Our objective was to replicate conditions of midwest U.S. reservoirs. Thus, we also added 100 bluegill sunfish (Lepomis macrochirus; 92 6 1.8 mm; mean 6 SD) to each pond on 22 June (1.42 kg/pond which represents 50.5 kg/ha). Bluegill are often the most abundant species after gizzard shad in midwestern U.S. reservoirs (Garvey et al. 1998 ) and are at least partially zooplanktivorous at this size. Therefore we expected the bluegill to reduce zooplankton abundance and body size to an extent similar to that observed in reservoir ecosystems, where small zooplankton taxa dominate assemblages.
We began sampling on 14 June, one day before we added sediment slurries and nutrients for the first time. The experiment lasted 11 weeks, and the last sampling was on 30 August. On 8 September, we drained the ponds, collected all fish, and recorded total length and mass of all fish.
Response variables and analytical procedures
To measure gizzard shad success, we focused on growth rate, survival, total biomass, and condition factor over the duration of the experiment. Gizzard shad growth was calculated from individually marked fish as final minus initial mass. We did not directly measure initial mass (to avoid stressing fish), but instead estimated it using a length-mass relationship obtained for shad from Acton Lake (W ¼ 0.0096 3 L 2.9686 ; n ¼ 67 fish, r 2 ¼ 0.997, P , 0.001). Biomass at the end of the experiment was obtained by weighing each fish with an Ohaus (Pine Brook, New Jersey, USA) top-loading balance. We also analyzed the condition factor (K) of all gizzard shad and bluegill individuals as K ¼ 100 W/L 3 , where W is the mass in grams and L is the total length in centimeters (Williams 2000) .
Gizzard shad spawned during the experiment, and this presented an opportunity to assess young-of-year (YOY) performance. We quantified YOY recruitment, defined as the number and mass of YOY fish at the end of the experiment, as well as YOY biomass.
Ponds were sampled weekly for physical parameters (temperature, light, and oxygen); total suspended solids (TSS) and non-volatile suspended solids (NVSS, i.e., inorganic suspended particles); and nutrients and phytoplankton (as chlorophyll) to see if these factors could help predict gizzard shad success. Temperature and oxygen were measured with a YSI Model 58 meter (YSI, Yellow Springs, Ohio, USA), and photosynthetically active radiation (PAR) with a LI-COR model 1400 spherical quantum radiometer (LI-COR, Lincoln, Nebraska, USA). For all other parameters except zooplankton, we collected water samples with a Jabsco ParMax 4 diaphragm pump (Jabsco, White Plains, New York, USA), integrating the top 1.5 m of the water column. Total suspended solids (TSS) was estimated by filtering pond water onto an A/E glass fiber filter of known mass and drying the filter for 24 h at 608C. NVSS was calculated by ashing the same filter used for TSS (5508C for 4 h) to burn off organic matter; filters were then reweighed. Unfiltered water samples were assayed for total N (TN) and total P (TP); samples were digested with potassium persulfate and analyzed as soluble reactive phosphorus (SRP) and NO 3 À , respectively, using a Lachat auto-analyzer (Lachat Instruments, Lakeland, Colorado, USA).
Chlorophyll samples were filtered onto A/E filters, frozen, and extracted with acetone. The extract was read in the fluorometer before and after acidification with 0.1 mol/L HCl to account for the presence of phaeopigments. Primary production (PPr) was assayed on five dates by generating photosynthesis-irradiance curves in each pond using 14 C uptake measurements (Knoll et al. 2003) . From the five PPr measurement dates we, estimated pond-scale PPr over the duration of the experiment using ambient light data from the Ecology Research Center meteorological station (U.S. EPA Clean Air Status and Trends [CASTNET] program; data available online), 4 weekly light profiles in the ponds, and weekly chlorophyll values, using the program PSPARMS (Fee 1990) .
We also sampled zooplankton every two weeks with a 63-lm mesh net. Zooplankters were identified as nauplii, copepods (calanoids vs. cyclopoids), cladocerans (to genus), and rotifers (to species). Dry biomass was calculated by measuring 10-20 randomly chosen individuals of each taxonomic group and using length-mass relationships (Dumont et al. 1975 , McCauley 1984 . Rotifer volume was calculated using geometric formulas (McCauley 1984) . Then the volume was converted to fresh mass assuming a specific gravity of 1 and then converted to dry mass assuming a dry : wet ratio of 0.1 (Doohan 1973) .
Finally, because we hypothesized that the addition of dissolved nutrients would increase shad growth via increased phytodetritus production, we quantified fluxes of algal and non-algal carbon and nutrients reaching the bottom of the ponds with sediment traps (PVC, 5.2 cm diameter and 30 cm tall) that were retrieved weekly. The content of each trap was poured out and traps were immediately returned to the bottom of the pond.
To calculate the algal-sedimentation flux, first we measured the total amount of particulate C, N, P, chlorophyll, and phaeopigments in sediment traps. To estimate the amount of C, we filtered two aliquots of the sediment trap slurry onto GF/F glass fiber filters. We used one (non-ashed) filter to measure the amount of total carbon present in the sample using a PerkinElmer Series 2400 elemental analyzer (PerkinElmer, Waltham, Massachusetts, USA). The second filter was ashed at 5008C for 4 hours, and then we measured the amount of inorganic carbon left in the sample. Particulate-organiccarbon (POC) flux (grams per meter squared per day) was calculated as
To estimate the fraction of organic-carbon flux comprised of algal carbon, we calculated the total amount of pigments in the trap as the sum of chlorophyll (chl) and phaeopigments (processed in the same manner as water samples, as just described). To account for the phaeopigments resulting from chl degradation so that we could estimate the original amount of chl hitting the trap, we multiplied the total amount of pigments by 0.875 (the chl:total pigments ratio from seston samples). As sestonic particles are composed not only of algae but also of zooplankton and detritus, we then used the POC:chlorophyll ratio (POC:chl) to estimate algal C. We obtained the POC:chl ratio using the model proposed by Cloern et al. (1995) , which estimates the ratio as a function of temperature, irradiance, and nutrient-limited growth rate. Then we obtained algal C as chl 3 POC:Chl and non-algal C as the difference between total organic C and algal C. We then used the Redfield ratio (mol/L C:N:P ¼ 106:16:1) to estimate algal N and P being deposited in traps. Although we had data on seston C:N:P, we did not use those ratios to calculate algal N and P because non-algal material contributed significantly to seston nutrients, especially in treatments receiving sediment additions. Non-algal N and non-algal P were calculated as the difference between total particulate N and total particulate P in the traps minus the estimated algal N and algal P, respectively. Total particulate nitrogen from traps was measured on non-ashed filters using a PerkinElmer Elemental analyzer. Total particulate phosphorus in the traps was measured using an HCl digestion to convert the particulate phosphorus to SRP (Stainton et al. 1977) .
To estimate total daily fluxes in the traps, we measured particulate organic carbon (POC), total N (TN), and total P (TP) in the traps, then estimated the flux (grams per meter squared per day) by dividing the sediment trap area (square meters) by the number of days the traps were in the water (7 days). Mol/L ratios were calculated using POC, TN, and TP present in the traps.
At the end of the experiment, we also took sediment samples from the bottom of all ponds, dried them for 48 h at 608C, and processed them for C, N, and P in a manner identical to sediment trap samples. Carbon and nutrients in sediment traps reflect the deposition each week, presumably with minimal resuspension (based on trap dimensions) or processing by gizzard shad. In contrast, sediments collected from the bottom of the ponds at the end of the experiment reflect food availability at that time, under conditions that include resuspension and processing by shad. We measured C and nutrients in both sediment traps and bulk sediments because it is not clear which is the best indicator of food availability for adult gizzard shad.
Excretion experiments
Differential gizzard shad excretion rates among treatments could affect pond productivity and algal biomass. To assess this possibility, we conducted excretion experiments in each pond (treatment) in one randomly selected block, at the end of the experiment (7 September), i.e., after fish had responded to the conditions created during the experiment. Fish were collected via electroshocking, as this seems to have little effect on excretion rates (Mather et al. 1995) . Collected fish were kept in 2-L containers filled with filtered lake water (GF/F glass fiber filter), and they were allowed to excrete for 30 minutes to 1 hr. At the end of the experiment, fish were euthanized and their total length and mass were recorded. Water samples were filtered in situ with GF/F filters, and soluble reactive phosphorus (SRP) and ammonia (NH 4 þ ) were measured using the ascorbic acid (Greenberg et al. 1992 ) and the phenate methods (Solorzano 1969) , respectively.
Statistical analysis
All statistical analyses were done on log-transformed data to stabilize variances, but figures are shown with raw data to provide a better visual portrayal of trends. We analyzed final fish biomass, growth, fish survival, and condition factor using a two-way ANOVA with a complete block design (PROC GLM; SAS release 9.1; SAS Institute, Cary, North Carolina, USA). The addition of nutrients (þN) or sediments (þS) were the two factors, and position (elevation) was the block. In general, the block effect and the interaction terms were not significant, so we do not mention them unless they were significant. We report the terms that were significant at the 0.05 level. A post hoc Tukey test was used to compare the treatment means.
Statistical analyses for some limnological variables collected weekly were done using a two-way repeatedmeasures ANOVA with a complete block design (PROC GLM; SAS release 9.1). The two factors in the ANOVA were sediment and nutrient additions. To assess differences among the specific treatments, we used the mean of all dates per pond, and these means were used as observations using a post hoc Tukey test.
Multiple step-wise regressions were also used to better understand factors that can predict YOY and non-YOY final fish biomass. Predictor variables were algal C flux, chlorophyll, total carbon (TC) flux, cumulative PPr, and zooplankton biomass. Response and predictor variables were log transformed before running the multiple regressions.
To compare gizzard shad excretion rates among treatments, we used analysis of covariance (ANCOVA), with log N and P excretion rates (per individual fish) and ratios (N:P) as dependent variables, treatment as the categorical variable, and fish size (log wet mass) as a covariate. To further investigate the diet effect, an equal slope ANCOVA model was then fit and intercept parameters were compared.
RESULTS
Phytoplankton and nutrients
Phytoplankton biomass (chlorophyll concentration) was highest in treatments with nutrients added (þN and þNþS; Fig. 2A ). Control chlorophyll values remained quite low during the experiment and never exceeded 14 lg/L. In contrast, the other treatments showed a more or less consistent increase after a lag of three weeks from the beginning of the experiment. Chlorophyll concentrations (lg/L) averaged over the whole experiment were 9.7 6 3.0, 21.3 6 11.6, 31.6 617.8, and 40.9 6 15.6 for the control, þS, þN and þNþS, respectively (all data shown are means 6 SD). Two-way repeated-measures ANOVA indicated that chlorophyll changed with time and increased with the addition of nutrients and sediments (see Appendix).
Primary production (PPr; Fig. 2B ) peaked in late July to early August in all treatments. Cumulative PPr during the study period was 33.9 6 6.6, 58.4 611.5, 78.0 6 9.1, and 92.5 6 2.6 g C/m 2 for the control, þS, þNþS, and þN, respectively. The effect of nutrients and sediments on PPr was significant, as was the interaction between nutrients and sediments (Appendix).
Total phosphorus (TP) increased with the addition of nutrients or sediments (Fig. 2C) ; the interaction was not significant (Appendix). Mean TP values averaged over the experiment were 26.9 6 3.8 for the control, 54.7 6 17.4 for the þN, 62.8 6 23.1 for the þS, and 106.3 6 44.2 lg P/L for the þNþS treatment.
Total suspended solids (TSS, which includes organic and inorganic matter) increased over time (Fig. 2D) and was affected by the addition of nutrients or sediments; the N 3 S interaction was not significant (Appendix). TSS in the control and the þN treatments were mainly composed of organic particles (i.e., phytoplankton, zooplankton, and organic detritus), because concentrations of non-volatile suspended solids (NVSS) in these treatments were almost negligible; in contrast, NVSS was high in treatments with sediment addition (Fig.  2E ).
Seston C:N, C:P, and N:P ratios decreased with the addition of sediments (Fig. 2 F-H , Appendix) . N 3 S interactions were not significant for any of the three seston ratios. Thus, all three stoichiometric ratios (C:N, C:P, and N:P) were highest in the control and the þN treatments, and lowest in the þS and þNþS treatments, and for all three seston ratios, sediment additions had much stronger effects than nutrient additions ( Fig. 2F-H) . The mean mol/L C:P ratio was 253 6 72.5 and 226 6 51.9 for the control and the þN treatments, while the þS and þNþS treatments had lower ratios (123 6 20.0 and 121 6 36.0, respectively). The mean C:N seston mol/L ratios were 12 6 2.6, 12 6 2.6, 10 6 2.1, and 10 6 2.3 for the control, þN, þS, and þNþS, respectively.
Zooplankton
After addition of fish, maximum zooplankton biomass was observed in the þS (117 lg dry mass/L) and control (97 lg/L) treatments while the lowest biomass was observed in the þN (58 lg/L) and þNþS (68 lg/L) treatments. A two-way repeated-measures ANOVA indicated that total zooplankton biomass after the addition of planktivorous fish was reduced by the addition of nutrients (Appendix).
The addition of planktivorous bluegill on the day after the first zooplankton sampling apparently reduced the biomass of large bodied calanoids and small bodied nauplii. These groups declined by a factor of seven in the control, a factor of four in the þN, a factor of 10 in the þS, and a factor of 17 in the þNþS treatment (Fig. 3A-D) . In the þN, þS, and þNþS treatments, where the highest abundance of planktivorous fish (bluegill plus YOY shad) was observed (see Results: Zooplanktivorous fish), calanoid biomass was reduced and never recovered (Fig. 3B-D) . In contrast, after the initial reduction, nauplii started to recover immediately in the control and the þS treatments (Fig. 3A, C) , while in the þN and þNþS (Fig. 3B, D) their biomass increased after three weeks. The biomass of cyclopoids, which were never abundant, also declined in the control and þN after fish introduction, and never recovered (Fig. 3E, F) . On the other hand, cladocerans (dominated mainly by Diaphanosoma sp.) and rotifers increased during the experiment (Fig. 3E-H ). Cladocerans and rotifers were never abundant (note scale differences in Fig. 3A-D vs. E-H), except in the þN treatment, where they contributed up to ;70% of the total zooplankton biomass in some ponds late in the experiment (Fig. 3F) .
Zooplanktivorous fish
Gizzard shad spawned in all treatments, resulting in variable biomass of their YOY (Fig. 4A) . Neither the addition of nutrients nor sediments (Table 1) had a significant effect on YOY recruitment at the a ¼ 0.05 level, but both effects were marginally significant (P , 0.10). We also observed large differences in mean YOY FIG. 3 . Stacked areas showing the trend of the zooplankton major groups, calanoids and nauplii (A-D), and minor zooplankton groups, cyclopoids, cladocera, and rotifers (E-H), for the control (A, E), þN (B, F), þS (C, G), and þNþS (D, H). Note that major group biomass is plotted on a different scale than biomass of minor groups. The arrow on the x-axis indicates when zooplanktivorous bluegill were added. All dates are in 2004.
size among treatments. The control ponds had the lowest total YOY shad abundance (1-75 individuals/pond) but the largest individual size (11.2 6 2.8 g/individual), while treatments with nutrients (þN, þNþS) had the highest abundance (320-2700 individuals/pond) but the smallest size (3.5 6 1.9 g/individual). The þS treatment had intermediate abundance (128-509 individuals/pond) and size (8.7 6 5.9 g/individual). FIG. 4 . Final biomass of (A) planktivorous gizzard shad young-of-year (YOY) and (B) bluegill. Also shown is the final biomass of (C) adult and (D) juvenile detritivorous gizzard shad found in the different treatments. Growth (final mass -initial mass) of individually marked (E) adult and (F) juvenile gizzard shad are shown for the different treatments. Adult mass decreased even when there was a slight increase in length, while juveniles increased their mass throughout the study period. Error bars are standard deviations. Different letters indicate differences at P , 0.05 (Tukey test). Notes: The degrees of freedom for nutrient addition (N), sediment addition (S), and N þ S are (1, 6), while for the block they are (2, 6). The variables are adult, juvenile, and young-of-year (YOY) gizzard shad biomass, condition factor (CF), and growth rate of adult and juvenile gizzard shad.
* P , 0.05.
Based on step-wise multiple regressions, total carbon flux to sediments and primary productivity together explained 79% of the variation in YOY biomass (F 2,11 ¼ 16.770, P ¼ 0.001; Table 2 ). Bluegill biomass increased with addition of nutrients (F 1,6 ¼ 48.31, P Nut , 0.001) but did not respond to sediments (F 1,6 ¼ 1.49, P Sed ¼ 0.257; Fig. 4B ). Bluegill condition factor was also enhanced by the addition of nutrients; thus, bluegill condition was lowest in the þS treatment (1.78 6 0.08) and highest in the þNþS treatment (1.95 6 0.08). Bluegill survival overall was very high (on average .95% in all treatments) and was not affected by treatments.
Detritivorous fish
The two non-YOY cohorts of gizzard shad responded similarly to the addition of autochthonous and allochthonous detritus. However, there were differences among age groups with respect to specific treatment effects. Two-way ANOVA indicated that adult shad responded to the addition to either type of detritus (Table 1) , the interaction term was significant, and biomass was higher in all three subsidy treatments relative to the control (Fig. 4C) . There was also a significant effect of nutrients and sediments on juveniles (Fig. 4D, Table 1 ). However, the þN and þS treatments were not different from the control, while juvenile biomass in the þNþS treatment was significantly higher than the control. Based on step-wise multiple regressions, seston P, chlorophyll, total carbon (TC) flux, and zooplankton biomass together explained 89% of the variation in non-YOY biomass (F 4,11 ¼ 13.82, P ¼ 0.002; Table 2 ).
Adult gizzard shad seemed to be the only age class that differed in condition factor among treatments. The addition of nutrients and sediments increased the condition factor over the control (Table 1) . Thus, the condition factor ranged from 0.70 6 0.07 in the control to 0.84 6 0.07 in the þNþS treatment.
Adult and juvenile gizzard shad survival was similar for all treatments, and it was overall very high during the whole experiment (;92% averaged across treatments; Pilati 2007). Survival was not significantly affected by the addition of nutrients or detritus.
Gizzard shad growth obtained from marked individuals was affected by the addition of allochthonous detritus. Adult shad lost a mean of ;12% of their biomass (Fig. 4E ) in all treatments (possibly due to spawning activity and an associated decline in feeding rate), but mass loss was less with the addition of allochthonous detritus (Table 1) . Nutrient addition had only a marginally significant (P , 0.10) effect on mass loss (Fig. 4E) . Two-way ANOVA of individually marked juveniles indicated that the addition of allochthonous sediments had a positive effect on juvenile shad growth (Table 1) . Furthermore, effects of nutrients and sediments were additive; nutrients enhanced juvenile growth by approximately two times, sediments by approximately five times, and þNþS by eight times over the control (Fig. 4F) .
Sedimentation fluxes and sediment composition
Cumulative C, N, and P sedimentation fluxes (from sediment traps) generally increased with addition of nutrients, sediments, or both (Fig. 5) . The sediment treatments (þS and þNþS) were significantly higher than the non-sediment treatments for C, N, and P fluxes, except that N flux in the þS treatment was not significantly different from that in the þN treatment ( Fig. 5A-C) . Carbon sedimentation flux was always dominated by organic C (Fig. 5A) and was increased by the addition of sediments (F 1,6 ¼ 32.44, P Sed ¼ 0.001) and nutrients (F 1,6 ¼ 6.54, P Nut ¼ 0.043). In comparison with the control, the C flux was about two times higher in the þN treatment, about three times higher in the þS treatment, and about four times higher in the þNþS treatment. N sedimentation flux (Fig. 5B) followed the same pattern as C, but it was significantly increased by both nutrients (F 1,6 ¼ 9.69, P Nut ¼ 0.013) and sediments (F 1,6 ¼ 33.74, P Sed , 0.001). Net P sedimentation flux was also significantly affected by the addition of nutrients (F 1,6 ¼ 22.03, P Nut ¼ 0.001) and sediments (F 1,6 ¼ 132.04, P Sed , 0.001). As in the case of C and N, nutrients increased the P sedimentation flux two times over the control, but sediment addition enhanced P deposition more than that of other elements (12 times in the þS treatment and 19 times in the þN treatment, relative to the control; Fig. 5C ).
We also analyzed element ratios (C:P, C:N, and N:P) of sediment trap flux (cumulative flux of one element divided by cumulative flux of the other element). The addition of sediments significantly decreased the C:P ratio of sedimenting material (F 1,6 ¼ 139.82, P Sed , 0.001). Therefore, the C:P ratio of sedimenting material was highest in the control and the þN treatment, and the (Fig. 5D ). The C:N ratio of sedimenting material significantly decreased with the addition of nutrients (F 1,6 ¼ 10.19, P Nut ¼ 0.019) and sediments (F 1,6 ¼ 9.85, P Sed ¼ 0.020). Thus, the highest sediment C:N ratio was found in the control and the lowest C:N ratio in the þNþS treatment (Fig. 5E ). The N:P ratio of sedimenting material decreased with the addition of sediments (F 1,6 ¼ 100.50, P Sed , 0.001), but nutrient addition had no effect. N:P ratio (Fig. 5F ) was higher in the control and þN treatment (mean 25:1), and lower in the sediment treatments (;12:1). In general, trends among treatments in C:N:P ratios of sedimenting material were similar to those for seston ratios (Fig. 2F-H ).
The analysis of bulk sediments from the bottom of the ponds at the end of the experiment indicated that C:P and N:P ratios of these sediments followed trends similar to those ratios obtained from the sediment traps. That is, these ratios were significantly higher in the control and þN treatments than in the þS and þNþS treatments (Fig. 5D, F) . The lower C:P and N:P of sediments in the þS and þNþS treatments might indicate a strong influence of P adsorbed to inorganic particles in these treatments. However, C, N, and P concentrations, per milligram of dry sediment, were lowest in the þS and þNþS ponds, and the highest in the control and þN ponds (Table 3 ). This suggests that food quantity (C, N, and P available) was diluted by inorganic materials in the þS and þNþS treatments and that detritivorous fish should have to select against inorganic particles, while fish on the control and þN should have had access to nutritional detritus more easily.
From sediment traps, we also estimated fluxes of algal and non-algal C and nutrients. ANOVA indicated that algal C sedimentation flux (Fig. 6A) increased with the addition of sediments and nutrients (Appendix). We did not run the ANOVA on algal N and algal P because those values were estimated from algal C using a constant (the Redfield ratio [see Methods]), so ANOVA results would be the same as for algal C. Algal N sedimentation represented ;80% of the total N flux in all treatments (Fig. 6B) . As for C, the highest algal N sedimentation flux was observed in the sediment treatments, although algal N comprised a greater proportion of sedimentation flux in the ponds without sediments added (Fig. 6B) . Proportion of total P flux composed of algal P was higher in the control and the þN treatment (Fig. 6C ), but the highest absolute flux was observed in the sediment treatments. Mean algal P flux during the whole experiment was 20.7 613.4 for the control, 33.4 6 21.7 mg PÁm À2 Ád À1 for the þN treatment, 56.9 6 30.4 mg PÁm
À2
Ád
À1 for the þS treatment, and 76.7 6 34.6 mg PÁm À2 Ád À1 for the þNþS treatment.
Gizzard shad excretion
N and P excretion rates and the N:P ratio excreted varied significantly with treatment and thus presumably with diet (ANCOVA; Fig. 7 ). Body size (log wet mass) was significantly related to N excretion but not P excretion; the effect of size on N:P excretion was marginally significant. The interaction between treatment and body size was not significant for either N or P excretion or N:P excretion, indicating that allometric scaling of excretion rates was similar among treatments. For both N and P, there was a significant difference in excretion rate among the four treatments (F N(4,35) ¼ 24.17, P , 0.001; F P(4,35) ¼ 8.08, P , 0.001). Also, for both N and P, excretion rates were significantly greater in the þN treatment than all other treatments (Fig. 7) . Phosphorus excretion rates did not differ among the other three treatments, whereas N excretion rates were significantly greater in the control than in the þS and Notes: To obtain estimated ingestion composition, we used a feeding selectivity of 3.7 for organic C and P and a selectivity of 8.7 for N (Higgins et al. 2006) in the sediment treatments (þS and þNþS). We assumed no selective feeding in the control and þN treatments.
FIG. 6. Algal and non-algal cumulative sedimentation flux of (A) particulate organic carbon, (B) nitrogen, and (C) phosphorus during the whole experiment (77 days) as obtained from weekly sediment traps. In panel (A), different letters indicate differences at P , 0.05 (Tukey test) for the algal flux only. Tukey tests were not applied to panel (B) or (C) as the N and P fluxes were calculated using the Redfield ratio, and therefore the results are the same as panel (A).
þSþN treatments (the latter two treatments did not differ from each other). Thus, both P and N excretion rates were higher in ponds in which only autochthonous detritus production was stimulated (þN) than in ponds with allochthonous detritus additions (þS, þNþS) (Fig.  7A, B) . The excreted N:P ratio was lowest in the þNþS treatment (F N:P(4,35) ¼ 3.56, P ¼ 0.015), supporting the idea that diet can mediate excretion ratios (Fig. 7C ).
DISCUSSION
Our results show that agricultural subsidies have strong and diverse effects on simulated shallow-reservoir ecosystems. Nutrient subsidies had a direct positive effect on primary production and enhanced zooplanktivorous fish biomass, while sediment subsidies had stronger effects than nutrients on seston and sediment C:P and C:N ratios. Systems receiving both kinds of detritus showed maximal chlorophyll and total phosphorus levels. These subsidies also had diverse effects on fish. Detritivorous gizzard shad responded similarly to subsidies of either nutrients alone (which stimulated production of autochthonous detritus) or allochthonous sediments alone, suggesting that these fish can take advantage of either subsidy. Therefore, the hypothesis that detritivorous fish biomass would be maximal with addition of both nutrients and sediment was not supported. The hypothesis that zooplanktivorous fish biomass would be maximal under conditions of elevated nutrients was supported for bluegill and YOY gizzard shad (the latter effect was marginally significant). The hypothesis that detritivorous fish feeding on detritus with the highest N and P (per unit mass) would excrete more N and P than those feeding on detritus with a lower amount of N and P was also supported, as excretion rates were highest in the þN treatment. We also note that we successfully simulated reservoir trophic status in our treatments. Final chlorophyll and total phosphorous (TP) values in the þNþS treatment were similar to those in Acton Lake near Oxford, Ohio, USA, a productive reservoir with an agricultural watershed. In addition, chlorophyll and TP values in the control treatment were similar to those in Burr Oak Lake, a relatively low productivity reservoir with a primarily forested watershed located in southeastern Ohio, within Burr Oak State Park (Knoll et al. 2003) .
Phytoplankton and nutrients
We expected low chlorophyll in the þS treatment because of shading by suspended sediments, but this was not the case as þS chlorophyll was intermediate that of the control and the þN treatment ( Fig. 2A) . The observed increase in phytoplankton (relative to the control) in the þS treatment was 53% that of the increase in the þN treatment (11.6 vs. 21.9 lg chlorophyll/L). We can potentially account for this increase by considering three different P fluxes. First, in a short-term experiment in which we incubated sediment slurries, we observed that each slurry released the equivalent of 1.2 g P/week, which corresponds to 15% of P added weekly in dissolved form in the þN and þNþS treatments (8 g P/week). Second, P released from the sediments on the bottom of the ponds would have released ;1.4 g P/week, assuming that P is released at the same rate as from shallow aerobic sediments in Acton Lake (Nowlin et al. 2005) . Because our ponds always had .5 mg O 2 /L, it is probably valid to assume similar release rates. This flux from sediments is 18% of the amount we added as nutrients. Third, nutrient translocation via excretion by gizzard shad could potentially explain some of the phytoplankton enhancement, if excretion rates in the þS FIG. 7. Mass excretion rates of (A) phosphorus and (B) nitrogen and (C) variation in excretion N:P (mol/L) for the different treatments. In each graph the results of ANCOVA examine the differences in mass excretion rates and N:P mol/L ratio for fish grown under different diets (ponds or treatments) and the effect of size (covariate). P values , 0.05 indicate a significant effect of diet or fish size on mass-specific excretion rates or N:P ratio. ANCOVA was run on log-transformed data. and þNþS treatments were higher than those in the nonsediment treatments (control, þN) early in the experiment (recall that we measured excretion rates only at the end of the experiment). We suspect that this was the case, as the sediment layer in the non-sediment treatments probably was not developed early in the experiment. Thus gizzard shad probably had more food available in the treatments with sediments present than in the other treatments. Using the observed P excretion value for the þS treatment, and assuming that the daily P excretion rate is 82% that of the maximum excretion observed at midday (Schaus et al. 1997) , we estimate that P translocation by gizzard shad was 1.8 g P/week, equal to 23% of the P added weekly as nutrients. Thus, P released from the slurries, bottom sediments, and by gizzard shad could supply a maximum of ;56% of the P added as dissolved nutrients to the þN and þNþS treatments. Primary production responded similarly; the increase in the þS was 55% that of the increase in the þN treatment, compared to the control. Thus, these internal nutrient cycling processes probably offset some of the shading effects of sediments on phytoplankton growth.
Zooplankton
The lowest zooplankton biomass was observed in ponds with the highest zooplanktivorous fish densities. This low zooplankton biomass might actually correspond to high zooplankton production, as species with short generation times (rotifers and small cladocerans) increased after addition of fish. The control and the þS treatments generally showed the highest zooplankton biomass. The control ponds had the lowest shad YOY biomass and low bluegill biomass. YOY shad in control ponds grew very quickly, and given their size, most likely switched to detritivory at an earlier date, releasing zooplankton from predation pressure. In contrast, small-bodied rotifers and nauplii dominated zooplankton biomass in the sediment treatments. This dominance could have been the result of a size-selective predation (Brooks and Dodson 1965) , and/or it could be due to sediments interfering with larger taxa, especially cladocerans by decreasing carbon ingestion rates (Arruda et al. 1983 , McCabe and O'Brien 1983 , Kirk 1992 ). In our case, this effect was clearly seen in calanoids and cyclopoids, whose biomass was reduced after the addition of bluegill and never recovered to pre-addition levels. Rotifers, on the other hand, tended to increase in spite of the presence of planktivorous bluegill and larval shad, probably as the result of a reduced predation by other invertebrates (i.e., cyclopoids; Brandl 2005).
Zooplanktivorous fish
Nutrient addition increased the biomass of both YOY gizzard shad and bluegill. For YOY gizzard shad the nutrient effect was only marginally significant, and their growth rate was apparently density dependent; size and condition factor were highest in the control, where they were least abundant. Larval gizzard shad are zooplanktivorous, and they could have had a strong top-down effect on zooplankton. Contrary to our prediction, the addition of nutrients (and the resulting increase in phytoplankton) did not increase zooplankton biomass, presumably because zooplankton were kept under a strong top-down control by the YOY gizzard shad and bluegill, as predicted by food chain models (e.g., Hairston et al. 1960 ; Fig. 1 ). Instead, nutrients increased the biomass at the next trophic level: zooplanktivorous fish. Treatments with the highest YOY shad and bluegill biomass corresponded to the treatments with the lowest zooplankton biomasses and the highest chlorophyll levels. Also, as expected, bluegill biomass was greatly enhanced by nutrient addition but was unaffected by sediment additions. Bluegill are visual carnivores and do not consume detritus. Suspended sediments could interfere with their feeding and have negative effects on their growth (Miner and Stein 1993) ; however, this may have been offset by the increase in phytoplankton (and thus possibly zooplankton production) in the treatments receiving sediments.
Detritivorous fish
The hypothesis that adult and juvenile gizzard shad biomass would be maximal with addition of both types of detritus was not supported for either age class. The similar response of detritivorous shad biomass to all subsidy treatments (Fig. 2B, C ) may relate to the combined effects of three interrelated factors: food quantity, food dilution, and food quality. If fish biomass was affected only by food quantity, biomass should have been maximal in the þNþS treatment (because sedimentation flux was highest; Fig. 6 ), and this was not the case. If fish biomass was affected only by food availability or ''food dilution,'' we should have observed the highest biomass in the þN treatment. This is because detritus in the þN treatment had much more organic C and nutrients, per unit mass, than detritus in the sediment treatments (Table 3) . Thus, shad in the þN treatment may have obtained food more efficiently than fish in the sediment treatments (þS, þNþS). Dilution of energy and nutrients by inorganic matter (clays and silt) in treatments with sediment additions would presumably result in lower intake rates of energy and nutrients, unless shad can increase consumption rates under such conditions. Detritivorous gizzard shad feed continuously but only during daytime (Pierce et al. 1981) ; thus it is unlikely that they could have increased consumption by feeding for longer periods of time.
If fish biomass was affected only by stoichiometric food quality and shad are nutrient limited (as opposed to energy limited), we should have observed maximal biomass in the þS and þNþS treatments because sediments in these treatments had lower C:N and C:P. It is worth noting here that final bulk sediment composition in the þS and þNþS treatments was very similar to that of sediments in eutrophic Acton Lake for C and P (21 lg C/mg and 0.7 lg P/mg; Higgins et al. 2006) . This indicates that sediment nutrient concentrations did not change significantly during the experiment, except for N concentration, which was ;1.5 times higher than in Acton Lake. It also shows that our sediment additions effectively reproduced conditions in productive reservoirs. Our bulk sediment C:P ratio (;110; Fig. 5D ) was also very close to the mean C:P of particulate matter delivered to in Acton Lake from streams (C:P ¼ 124, averaged across 5 years; Vanni et al. 2001) . Also, it is important to note that the bulk sediment C:P ratio (;110; Fig. 5D ) is much lower than detritus of plant origin. The C:P of terrestrial autotrophs can range from ,250 to .3500, with a median of ;800 (Elser et al. 2000) . The low C:P ratio in our sediments might be influenced by inorganic particles (e.g., clays) to which P was adsorbed. Acton Lake sediments contain a variety of P fractions in sediments (Nowlin et al. 2005) . In shallow areas (near where we collected sediments), organically bound P (which is presumably relatively digestible) comprised ;50% of sediment P. Calciumbound, Fe-bound, and Al-bound P comprised 19%, 16%, and 8% of sediment P, respectively; presumably these forms are less available to assimilation by fish. Because P (and presumably other elements in sediments) consist of several fractions that likely vary in digestibility, we cannot necessarily relate C:N:P ratios and overall food quality.
It is possible that the similarity in responses to nutrient and sediment additions can be explained by selective feeding. In reservoirs, gizzard shad selectively feed on high-quality sediment detritus Wissing 1988, Higgins et al. 2006) , apparently by selectively ingesting low-density sediment particles that are relatively enriched in nutrients and organic C (Smoot 1999) . Mundahl and Wissing (1988) and Higgins et al. (2006) found that gizzard shad selectively consumed detritus with higher C, N, and P concentrations. Therefore, we evaluated the possibility that selective feeding mediated the response of shad to our manipulations (Table 3 ). We assume that shad feeding selectivity was similar in treatments with sediments (þS and þNþS) to that observed in Acton Lake (which has sediment C, N, and P concentrations similar to these treatments). Thus, we can multiply the sediment C, N, and P concentrations in these treatments by the selectivity coefficients reported by Higgins et al. (2006) for Acton Lake (see Table 3 notes), where the selectivity coefficient for each element is the concentration in ingested detritus (per gram dry mass) divided by the concentration in sediments (per gram dry mass). Doing so produces C, N, and P concentrations of ingested material that are very similar to ambient sediments in the control and þN treatments (Table 3 ). Thus, gizzard shad feeding selectively (to the same extent as observed in reservoirs) on sediments in the þS and þNþS treatments will ingest similar amounts of C, N, and P as fish feeding non-selectively in the control and þN treatments, assuming that overall consumption rates are similar. This could explain the similar biomass response in all treatments with subsidies (þN, þS, and þNþS). The fact that adult and juvenile shad biomass was higher in the þN treatment than in the control (despite similar stoichiometric compositions) also suggests that food quantity is important.
Interpreting the response of gizzard shad to these manipulations is compromised by a lack of knowledge on the limiting resource, i.e., is gizzard shad limited by C, N, or P? We evaluated this possibility using data from the þNþS treatment and from Acton Lake. To do so, we calculated threshold element ratios (TER) as recently done for several aquatic consumers by Frost et al. (2005) . TER is the ratio that defines the boundary between energy (C) vs. nutrient limitation; thus, animals consuming food with a C:nutrient ratio above the TER are considered limited by that nutrient, while consumption of food with a C:nutrient ratio below the TER indicates energy limitation Elser 2002, Frost et al. 2005) . TER was calculated as
where A nutrient and A C are the assimilation efficiencies for the nutrient and for C; I C and R C are mass-specific C ingestion and respiration rates, respectively (mg CÁmg C À1 Ád À1 ); and Q C and Q nutrient are fish C and nutrient contents (proportion of dry mass). We estimated I C by first calculating sediment dry mass consumption using the equations in Vanni and Headworth (2004) , which predict dry mass consumption as a function of fish mass and temperature. Then we obtained I C for both juvenile and adult shad using the sediment C content (per unit dry mass) in the þNþS treatment and the selectivity coefficient for C (Table 3) . This yielded I C values of 0.103 and 0.078 mg CÁmg C À1 Ád À1 for juveniles and adults, respectively. We set A C to 0.50 and A N to 0.77 (Mundahl and Wissing 1988) , and A P to 0.68 (Vanni and Headworth 2004) . R C was set equal to 0.030 for juveniles and 0.028 for adults; this was derived from data on growth, assimilation and consumption in Acton Lake (Vanni and Headworth 2004) . Finally, Q C , Q N , and Q P were set at 0.40, 0.095, and 0.03 (Higgins et al. 2006) .
Calculation of TER suggests that gizzard shad were more likely to be P limited than energy limited in the þNþS treatment, once we account for selective feeding. The TER C:P was 45 and 65, respectively, for juveniles and adults, whereas the C:P of ingested detritus was estimated to be 103 (Table 3 ). In contrast, the TER C:N was 16 and 23 for juveniles and adults, respectively, while ingested detritus had a C:N of 4.3; this indicates that energy was more likely to be limiting than N. Finally, we also calculated TER N:P and found it to be 2.8 for both juveniles and adults; because ingested detritus had an N:P of 23.8, gizzard shad were more likely to be limited by P than by N.
If shad were more limited by P than C or N during these experiments, we may have expected shad to perform best under conditions in which they ingested the most P. According to our ingestion estimates, which incorporate selective feeding, shad ingested similar amounts of P in the þN, þS, and þNþS treatments, and much less P in the control treatment (Table 3) . Patterns of estimated P ingestion thus correspond well with biomass response (i.e., similar and high biomass in the subsidized treatments, much lower biomass in the control). In contrast, patterns of C or N consumption (Table 3) do not correspond as well to biomass responses (Fig. 4 vs. Table 3) . Thus, our ingestion and TER estimates suggest that shad responded similarly in the þN, þS, and þNþS treatments because these treatments allowed them to consume P at similar rates. We acknowledge that this conclusion rests on the assumption that selective feeding behavior is similar in eutrophic reservoirs and in our þS and þSþN ponds, and that there was no selective feeding in ponds without sediment additions (this was necessary, as we have no information on feeding selectivity under such conditions). Further, our analysis assumes that all forms of elements are equally digestible, which may not be the case, as already mentioned.
The study of individually marked fish indicated that juveniles gained mass during the experiment, while adults lost mass. The cause of mass loss in adults may be due to spawning activity and reproduction, as well as high temperatures. Apparently, both sexes of gizzard shad lost mass at similar rates, as mass loss was not bimodally distributed (rather, it was normally distributed; data not shown). The mass loss in females could be partly the result of release of eggs. Bodola (1966) found that in Lake Erie, sexually immature age-1 gizzard shad grew rapidly, while sexually mature females lost 10.7% of their mass during spawning, on average. This mass loss is similar to that (;12%) in our study. Mass loss in males could be due to spawning activity as well, because both male and female gizzard shad feeding rates decline greatly prior to and during spawning (Pierce et al. 1981) . Studies in Acton Lake show that growth rates of adult gizzard shad in some years are very low (essentially 0 in some cases) in early and midsummer, at which time body caloric content also declines (Pierce et al. 1980, Mundahl and Wissing 1987) . Low growth rates and depletion of body energy reserves in summer may be due to warm temperatures that increase respiratory costs (Pierce et al. 1980 ). Thus, it is possible that gizzard shad in our ponds lost mass early in the experiment because of spawning and reproduction activities, and subsequent growth rates were low (or zero) because of warm temperatures.
Multiple regression indicated that gizzard shad biomass may be predicted by a few limnological variables. Total carbon (TC) flux (algal and non-algal) accounted for a high percentage of the variability in both YOY and non-YOY biomass. Nevertheless, gizzard shad may have also benefited from phytodetritus deposition per se (Fig. 1) . Algal sedimentation increased with the addition of nutrients and sediments. This is not surprising, as lakes with high nutrient inputs are known to have high sedimentation rates when compared to less productive lakes (Baines and Pace 1994) . High concen-trations of sediments can also increase algal sedimentation, and estimated algal flux was always higher in the sediment-addition treatments (compare Fig. 6A-C) . Avnimelech et al. (1982) and Soballe and Threlkeld (1988) found that clays increase algal settling by forming clay-algal flocs. Therefore, the fact that fish growth was highly affected by the addition of sediments does not necessarily mean that gizzard shad relied exclusively on allochthonous detritus, but it could mean that they benefited from increased algal sedimentation. Unfortunately we cannot distinguish these mechanisms with our data.
Gizzard shad excretion rates
Gizzard shad excretion rates were higher in ponds with high sediment N and P content (compare Fig. 7 with Table 3 ). This agrees with stoichiometry theory (Sterner and Elser 2002) , and with Higgins et al. (2006) , who found that gizzard shad excreted N and P at higher rates in lakes where ingested sediments had higher nutrient contents. However, stoichiometry cannot explain all of the variance among treatments in excretion. In particular, note that P excretion rates were low in the þS treatment even though the C:P of sediments in that treatment was low (suggesting high P availability). This may be because fish were unable to assimilate some of the P associated with clays. Excretion N:P ratios were similar to the Redfield ratio (16:1) except in the þNþS treatment, where it was lower (;13:1). These excretion ratios fall within the range reported for gizzard shad in reservoirs (generally 14-17; Schaus et al. 1997 , Higgins et al. 2006 . These generally low excretion N:P ratios may have potentially important consequences. For example, experiments in Acton Lake show that gizzard shad can stimulate algal growth through nutrient translocation when they feed on lake sediments (Schaus and Vanni 2000) . Particularly, P translocation by gizzard shad from sediments to the water column can equal or exceed P supply from inflow streams in Acton Lake during the summer dry period (Schaus et al. 1997 , Nowlin et al. 2005 . Since Acton algae are often P limited , shad could enhance algal growth by reducing P limitation and promote a positive feedback between phytodetritus production and higher fish biomass (Fig. 1) . The low excretion N:P ratio in the þNþS treatment could have reduced P limitation and stimulated algal biomass in the þNþS treatment, thus increasing algal P deposition, which was highest in the þNþS treatment.
General implications
Nutrient and sediment inputs into Acton Lake are declining due to changes in agricultural practices (Renwick et al. , 2008 , including a large increase in the use of conservation tillage (including no-till) and better management of fertilizers and manure. In the Acton watershed, the shift toward conservation tillage was fostered by economic incentives provided to farmers, with the goal of reducing lake sedimentation rates (USDA 1992 , Renwick et al. 2008 . These changes in agricultural practices are likely to continue, as they have in other agricultural watersheds in the U.S. Midwest Baker 2002, Peterson 2005) . If reservoirs receive less nutrients and sediments, they may become less eutrophic via direct and indirect effects. Based on our experiment, we predict that reduced sediment and nutrient subsidies would result in (1) less recruitment of YOY gizzard shad, although they may grow faster; (2) slower growth of adult gizzard shad, which ultimately may lead to reduced population density and biomass; and (3) increased N:P ratio of gizzard shad excretion (see Fig. 7C ), possibly leading to an increased phytoplankton P limitation. Nutrient excretion by gizzard shad can be considered an internal source of P, and reducing internal P loading is an important consideration for changing trophic status (Carpenter et al. 1999) . Because nutrient translocation by gizzard shad can supply as much P as that entering from the watershed (Schaus et al. 1997 , Nowlin et al. 2005 , reduced P excretion may speed the oligotrophication process.
